The Beaufort Gyre (BG) is the largest liquid freshwater reservoir of the Arctic Ocean. The liquid freshwater content (FWC) significantly increased in the BG in the 2000s during an anticyclonic wind regime and remained at a high level despite a transition to a more cyclonic state in the early 2010s. It is not well understood to what extent the rapid sea ice decline during this period has modified the trend and variability of the BG liquid FWC in the past decade. Our numerical simulations show that about 50% of the liquid freshwater accumulated in the BG in the 2000s can be explained by the sea ice decline caused by the Arctic atmospheric warming. Among this part of the FWC increase, 60% can be attributed to surface freshening associated with the reduction of the net sea ice thermodynamic growth rate, and 40% to changes in ocean circulation, which makes freshwater more accessible to the BG for storage. Thus, the rapid increase of the BG FWC in the 2000s was due to the concurrence of the anticyclonic wind regime and the high freshwater availability. We also find that if the Arctic sea ice had not declined, the liquid FWC in the BG would have shown a stronger decreasing tendency at the beginning of the 2010s owing to the cyclonic wind regime. From our results we argue that changes in sea ice conditions should be adequately taken into account when it comes to understanding and predicting variations of BG liquid FWC in a changing climate.
Introduction
The Arctic air temperature has been increasing more strongly than the global mean (a phenomenon called Arctic amplification, e.g., Serreze & Barry, 2011) . In the meantime the Arctic Ocean is undergoing unprecedented changes, with significant sea ice decline (Kwok et al., 2009; Laxon et al., 2013; Stroeve et al., 2012) and accumulation of liquid freshwater (Giles et al., 2012; Haine et al., 2015; McPhee et al., 2009; Polyakov et al., 2013; Proshutinsky et al., 2009; Rabe et al., 2014) . If the accumulated freshwater in the Arctic Ocean will be released to the North Atlantic, it might significantly influence the large-scale ocean circulation and climate through its impact on deep water formation (Aagaard et al., 1985; Arzel et al., 2008) .
The atmospheric Beaufort high-pressure system drives the anticyclonic Beaufort Gyre (BG) ocean circulation, making the BG region the Arctic Ocean's largest liquid freshwater reservoir. When the anticyclonic wind over the BG intensifies, freshwater accumulates through Ekman convergence and subsequent downwelling (anticyclonic regime); when the anticyclonic wind weakens or even changes to be cyclonic, freshwater is released through Ekman divergence and upwelling (cyclonic regime, Proshutinsky et al., 2002 Proshutinsky et al., , 2009 ). The two regimes of BG circulation have alternated on multiyear time scales and led to the associated variability of BG freshwater content (FWC; Proshutinsky et al., 2002) . In the 2000s there was a very large increase in BG FWC during an extended period of anticyclonic winds over the BG (Proshutinsky et al., 2015; Rabe et al., 2014) . Perhaps surprisingly, when the winds shifted to a cyclonic regime in the following years (from 2009 to 2012), the change in FWC was fairly small (Zhang et al., 2016) .
Besides the variability of atmospheric circulation over the BG, other processes may also influence the BG liquid FWC. For example, it was suggested that surface freshening caused by sea ice decline Yamamoto-Kawai et al., 2009 ) and changes in river runoff pathways (Morison et al., 2012) can increase freshwater storage in the BG and Canadian Basin. When sea ice declines, the changes in sea ice concentration and speedup of sea ice drift can modify the momentum transfer from the atmosphere to the ocean (Martin et al., 2014) , thus possibly changing the ocean surface stress and consequently freshwater storage.
While previous studies have significantly improved the knowledge of the BG dynamics, the extent to which the ongoing Arctic atmospheric warming is modifying the BG liquid FWC is not well understood yet. Sea ice decline in a changing climate can interplay with the effect of surface wind, thus modifying the response of BG freshwater storage to changes in the atmospheric circulation regime. Specifically, when the BG liquid FWC strongly increased in the 2000s and varied very modestly at the beginning of the 2010s, there was a pronounced decline in Arctic sea ice. This raises a crucial question: To what extent has the sea ice decline contributed to the liquid FWC increase in the BG?
In this paper we use numerical simulations to answer this question. We compare a model simulation in which the sea ice decline is removed by employing climatological air temperature and downward radiation fluxes against a hindcast simulation that is capable of reproducing the observed salinity changes and FWC variability in the BG region. Our results indicate that the sea ice decline has significantly contributed to both the recent increase and the subsequent, short-term stabilization of the BG liquid FWC. We conclude that the impact of the sea ice decline must be adequately taken into account while attempting to understand and predict variations of BG liquid FWC in a changing climate.
Model Description
We use the global Finite Element Sea ice-Ocean Model (FESOM) (Danilov et al., 2004; Timmermann et al., 2009; Wang et al., 2008) , which is an ocean general circulation model with both the ocean and sea ice components using variable resolution unstructured meshes. Details of the latest stable model version are provided in Wang et al. (2014) and Danilov et al. (2015) . The model has been applied in different Arctic Ocean studies (e.g., Wang et al., 2016 Wang et al., , 2018 . Only a brief description of the specific model configuration used in this work is given below.
The model grid has a nominal horizontal resolution of about 1 ∘ for most of the global ocean; north of 45 ∘ N the horizontal resolution is increased to 24 km and in the Arctic Ocean (defined by the Arctic gateways: Fram Strait, Barents Sea Opening, Bering Strait, and the Canadian Arctic Archipelago) the resolution is further refined to 4.5 km. In the vertical, 47 z levels are used with resolution of 10 m in the top 100 m and gradually decreased below the 100-m depth. Eddy parameterization is applied outside the Arctic region, where horizontal resolution is coarse. The eddy diffusivity is determined by considering local horizontal resolution (Wang et al., 2014) .
The model is forced using atmospheric state variables from the JRA55 data set (Kobayashi et al., 2015) , which has a spatial resolution of 0.55 ∘ and a temporal resolution of 3 hr. For the river runoff, data provided Figure 4a) ; the observed changes in the depth of isohalines in this box are well reproduced in the model. The observation is described in Timmermans et al. (2014) . 
where S ref is the reference salinity used in the calculation of FWC, S ice = 4 is the specified sea ice salinity in the model, and ice and oce are the specified sea ice and ocean reference density respectively.) From this tracer we can calculate the component of the liquid FWC change associated with the difference of the sea ice THDGR between the two simulations. Another passive tracer is meant to illustrate the change in the Pacific Water (PW) pathway. Initially, it is set to 0 in the ocean and starting from 1979 it is restored to 1 inside the Bering Strait.
Results
The control simulation shows a slight positive trend in the BG liquid FWC (FWC is calculated as
where S is salinity, S ref = 34.8 is the reference salinity, and D is the depth where salinity is equal to the reference salinity. In the paper we also discuss the freshwater inventory, which is the FWC only integrated vertically. It is defined as The time derivative (i.e., the rate of the change) of the BG liquid FWC is highly correlated with the Ekman pumping over the BG (Figures 1c and  1d) , while the variability of the Ekman pumping can be largely explained by the variation of atmospheric circulation regimes (as shown by the curl of near-surface wind velocity over the BG in Figure 1e ). This demonstrates the dynamical relationship between BG liquid FWC and winds that has been established in previous studies (e.g., Proshutinsky et al., 2002 Proshutinsky et al., , 2015 . During the past two decades, the largest downwelling occurred in 2007, associated with a strong anticyclonic wind regime, and the most pronounced deepening of the isohalines and increase of the liquid FWC took place in 2007 and 2008. This is also consistent with previous model studies (Koldunov et al., 2014; Rabe et al., 2011; Zhang et al., 2016) . In 2012 the Ekman pumping is positive (upward) due to cyclonic winds, and the FWC has a local minimum in 2013 before it starts to increase again. The model also reproduces the observed declining trend of sea ice in the period 2001-2015 (supporting information Figure S1 ). Overall, the model is able to represent the critical aspects of observed recent Arctic climate changes. It provides a good basis for additional sensitivity experiments that help to shed light on the governing mechanisms of FWC changes.
In the sensitivity experiment climatology T&radiation, the near-surface air temperature and downward radiation fluxes in the Arctic region are kept at their climatological values, thereby effectively removing the Arctic atmospheric warming in the forcing (Figure 2a) . The rapid Arctic sea ice decline is consequently eliminated in this experiment (Figure 2b ), while some variability in the Arctic sea ice volume and THDGR is retained (Figures 2b and  2c ), owing to variations in factors such as near-surface atmospheric winds. Atmospheric warming in the Arctic leads to a reduction in sea ice concentration and thickness ( Figure S2 ) and speedup of sea ice drift ( Figures  S3a and S3b) . The upper ocean circulation is also accordingly modified ( Figure S3c ). Previous observational and modeling studies have shown that Arctic sea ice is moving faster when sea ice declines (e.g., Kwok et al., 2013; Rampal et al., 2009; Zhang et al., 2012 (Figure 3b ). This means that the reduction in the net sea ice THDGR supplies 60% of the freshwater increase caused by the Arctic atmospheric warming in the 2000s.
In both simulations the time derivative of the BG liquid FWC is highly correlated with the Ekman pumping ( Figures 3c and 3d) ; this indicates that the variability of Ekman pumping associated with the atmospheric circulation is the main dynamical driver of the variability of the BG liquid FWC, independent of the ongoing changes of the sea ice state. Our analysis shows that the difference of Ekman pumping between the two simulations is typically small in magnitude and very nonuniform in space, although the sea ice decline tends to enhance the ocean surface stress ( Figure S4 ). The Ekman pumping averaged over the BG is nearly the same in the two simulations (Figure 3d) . Therefore, the aforementioned significant FWC increase is not due to changes in local Ekman pumping in the BG region.
As mentioned above, 60% of the BG FWC difference between the two simulations is attributed to salinity changes associated with the lower net sea ice THDGR in control. Because the Ekman pumping averaged over the BG does not change between the two simulations, the remaining 40% of the FWC difference can only be explained by changes in pathways of other freshwater masses, that is, by the increased accessibility of freshwater to the BG for storage. The PW passive tracer released at the Bering Strait can be used as an example to illustrate that the ocean circulation pathways are indeed modified by the sea ice decline ( Figure S5 ). We found that the amount of PW inflow through the Bering Strait is nearly the same in the two simulations (not shown). More PW is advected toward the BG from the north in the control simulation, which clearly indicates the occurrence of changes in the ocean circulation and water mass pathways.
From 2009 to 2012 the BG liquid FWC stops increasing in control (with a small decrease of 110 km 3 in this period), whereas it has a clear decreasing trend in climatology T&radiation (with a decrease of 460 km 3 , Figure 3a ). This indicates that, without the Arctic atmospheric warming, the BG FWC would have been more strongly decreasing in this period. The Ekman pumping over the BG is the same between the two simulations in this period too (Figure 3d ), and the difference in the BG FWC is mainly due to salinity changes associated with the difference in the net sea ice THDGR (as indicated by the very similar variation of the two curves after 2009 in Figure 3b ). After the local minimum in 2013 the FWC starts to increase with a similar rate in the simulations.
Discussion

Contribution of Surface Freshening Induced by Net Sea Ice Melting
The liquid freshwater accumulation in the BG in the period 2005-2009 is higher in control not only in the upper ocean but also below 100-m depth (Figures 4c-4e ). The reduction of the net sea ice THDGR freshens mainly the upper 100-m ocean, so the difference of the FWC in the upper 100 m between the two simulations spatially coincides with the FWC contribution associated with the difference of the net sea ice THDGR (Figures 4e and 4f ).
The net sea ice THDGR is much lower in control than in climatology T&radiation in the northern Chukchi Sea ( Figure S6 ), while the pronounced difference of the equivalent FWC associated with the sea ice THDGR is not found in this region, but rather inside the BG (Figure 4f ). This indicates that the surface freshening due to the reduction of the net sea ice THDGR outside the BG region has significantly contributed to the increase of the BG liquid FWC.
A comment on the impact of other surface freshwater fluxes is given below. The ocean evaporation rate is not a specified surface forcing field in the simulations but is calculated during the model run time as in typical ocean-ice models. Because of larger open ocean area in control, the evaporation is accordingly larger (Figures S6c and S6d) . The difference in the evaporation between the two simulations is relatively small, less than 5% of the difference of the net sea ice THDGR when averaged over the Amerasian part of the Arctic Ocean. This small change in the freshwater budget does not influence the main findings of this study, although the role of evaporation for the Arctic FWC change might become more important in a warmer climate in the future. Precipitation and river runoff remain the same in the two runs, so they do not lead to additional changes in the freshwater budget between the runs, even though they have interannual variability. However, their spatial distribution can be influenced by the ocean circulation (e.g., Morison et al., 2012; Yamamoto-Kawai et al., 2009) , which can contribute to the change of the BG FWC (see further discussions below).
Dynamical Impact of Sea Ice Decline
The simulations indicate that the dynamical impact of the Arctic atmospheric warming is very important for the accumulation of freshwater in the BG. About 40% of the FWC difference between the two simulations cannot be directly attributed to ocean freshening associated with the reduction of the net sea ice THDGR. Because the Ekman pumping over the BG does not significantly change between the runs (Figures 3d and  S4 ), this part of the FWC increase can only be attributed to the variation of ocean circulation and freshwater pathways outside the BG, which makes different freshwater masses more accessible to the BG for storage.
The only difference in the model configurations between the two runs is the thermal forcing over the Arctic Ocean (in terms of air temperature and downward radiation), and the dynamical impact mentioned above should be accordingly attributed to it. The Arctic atmospheric warming not only causes sea ice decline but also slightly increases the temperature in the halocline below the mixed layer in the Amerasian and Eurasian Basins (by less than 0.1 ∘ C). The salinity difference between the two runs (up to 0.4 averaged in the depth range of 50-150 m and even larger in the surface layer) is much more significant in terms of its contribution to changes in ocean density. Therefore, the sea ice decline is the direct cause of the changes in the upper ocean circulation through modifying ocean surface stress and ocean density, and we can attribute the difference of the BG liquid FWC between the two runs discussed above to the sea ice decline.
The impact of sea ice decline on the BG liquid FWC in the 2000s revealed by our simulations is summarized as follows. The Ekman convergence and downwelling associated with the anticyclonic wind regime acts to accumulate freshwater in the BG, while the sea ice decline further increases the BG liquid FWC by increasing the availability of freshwater: On the one hand, the sea ice decline decreases the ocean salinity through the reduction of the net sea ice THDGR; on the other hand, it makes freshwater more accessible to the BG by changing the ocean circulation and freshwater pathways outside the BG.
Implication for Predictability of BG Liquid FWC
Previous studies imply a certain predictability of the BG liquid FWC owing to its relationship with the wind forcing (Marshall et al., 2017) . However, the significant impact of sea ice decline on the storage of freshwater in the BG might constitute a challenge for predicting the BG liquid FWC in a changing climate. One particular question is, if we know the atmospheric circulation, how well can we quantitatively predict the FWC? We carried out another three short sensitivity experiments (5 years each, named as shifted-wind-control). They branch off from control in 1991, 2001, and 2011, respectively, and The wind in this period is in an outstanding anticyclonic regime. It turned out that the FWC in the BG tends to increase in all three sensitivity runs (Figures 5a and 5b) , as expected from the regime of applied wind (indicated by the Ekman pumping averaged over the BG, Figure S7 ). However, the amount of increased FWC is quite different (Figure 5b ). This indicates that we may infer the tendency of the BG FWC by just knowing the wind, but we need to know the initial state of the ocean and changes of the sea ice if we attempt to quantify the changes of the FWC.
To isolate the effect of sea ice decline, we carried out another two sensitivity experiments (named as shiftedwind-climatology). They are the same as shifted-wind-control, except that they branch off from climatology T&radiation. As the contribution of sea ice loss is eliminated, the increase of the BG FWC is smaller than in shifted-wind-control ( Figure 5 ). Although some noticeable difference in the BG FWC is still present between the shifted-wind-climatology simulations (Figure 5d ), their spread is smaller than in the case when sea ice declines (cf. Figures 5b and 5d) , implying that the potential to predict FWC variability from winds would be higher without sea ice loss caused by atmospheric warming. These sensitivity experiments also indicate that the initial conditions of the simulations can influence the evolution of the FWC, at least during the first few model years.
Conclusions
Due to the climate relevance of Arctic freshwater, better understanding the response of the BG liquid FWC to changes in wind regimes and sea ice conditions is high on the agenda of the Arctic research community. In this study we used numerical simulations to understand the impact of sea ice on the BG liquid FWC. We carried out a sensitivity experiment that is forced by climatological air temperature and downward radiation fluxes in the Arctic region to eliminate the sea ice decline. By comparing this simulation with a hindcast simulation that adequately represents the decline of sea ice and the variability of liquid FWC in the BG, we quantified the contribution of the Arctic sea ice decline to the increase of the BG liquid FWC in the 2000s and the subsequent short-term stabilization of the BG at the beginning of the 2010s.
With an anticyclonic wind regime in the late 2000s, the Ekman convergence and downwelling led to accumulation of liquid freshwater in the BG. The simulations reveal that the sea ice decline significantly enhanced the increase of BG FWC through both the surface freshening (due to the reduction of the net sea ice THDGR) and increasing the accessibility of other freshwater to the BG (due to the modification of upper ocean circulation and freshwater pathways). The simulations show that the BG FWC increases by 3, 210 contribution, 980 km 3 (60%) results directly from the surface freshening caused by the reduction of the net sea ice THDGR. The other 40% is attributed to other freshwater that becomes accessible to the BG due to the change of the ocean circulation, arguably mainly caused by the sea ice decline. Overall, the concurrence of the anticyclonic wind regime and the high freshwater availability provided a favorable condition for freshwater to accumulate in the BG in the 2000s.
After 2009, the wind regime became cyclonic, and the BG liquid FWC stopped increasing for a few years. Our simulations reveal that if there were no sea ice decline, the BG FWC would have shown a strong decreasing tendency. In other words, the sea ice decline helped to maintain the high level of the FWC at the beginning of the 2010s. In this period, the difference of BG FWC between the two runs can be largely explained by salinity changes associated with the reduction of the net sea ice THDGR.
In general, numerical simulations have uncertainties. Although our hindcast simulation reasonably reproduces the critical aspects of observed Arctic climate changes, the quantitative findings can only be considered as a guideline for understanding the relative importance of different processes. Such process studies are particularly helpful since observational data are still sparse.
Our study suggests that the impact of sea ice loss should be properly taken into account when we want to better understand and predict the changes of the BG liquid FWC. Its impact on other parts of the Arctic Ocean will be investigated in future work.
